A mutant of Neurospora crassa is shown to have an absolute requirement for riboflavin when grown a t 30°, but this requirement is less stringent when the organism is grown at 25'. The Fe, Cu, Zn, Mn and Mo requirements of the mutant, grown at either temperature, are similar to those of the wild type (146) so that it seems unlikely that these metals are involved in the biosynthesis of riboflavin.
medium (100 ml.) was dispensed in 500 ml. Erlenmeyer flasks, and after sterilizing at 10 lb./sq.in. for 15 min. and cooling, these were inoculated with a mycelial suspension of the mutant in glass-distilled water. Before inoculating and incubating the flasks at 30°, riboflavin was added aseptically (25 pg.1100 ml.) when optimal growth of the mutant was required. The organism was grown for 4 days at either temperature Preparation of cell-free extracts. The mycelial mats collected in a Biichner funnel were washed thoroughly with glass-distilled water and were frozen for 8 hr. at -17". They were then homogenized in three times their weight of cold 0.1 M-phosphate buffer (pH 7.5) with a pestle and mortar and then in a Ten Broeck glass macerater at 0'. The homogenate was centrifuged a t 20008 for 10 min. at 4'. Tris-(hydroxymethy1)-aminomethane buffer 0.1 M (pH 7.5) was used to extract the 'phosphate' enzymes. The homogenates were dialysed for 12 hr. against the same buffers in which they had been prepared.
Cofacttors and other compounds. Diphosphopyridine nucleotide (DPN) of 50% purity was prepared from baker's yeast by the method of Kornberg (private communication). Triphosphopyridine nucleotide (TPN) 95 yo purity and cytochrome c were obtained from Sigma Chemical Company, U.S.A., and riboflavin-5-phosphate (FMN) from Nutritional Biochemicals Corporation, U.S.A. Reduced DPN was prepared enzymically by the alcohol dehydrogenase method of Pullman, Colowick & Kaplan (1954) and reduced TPN by using the isocitric dehydrogenase enzyme from acetone powder of pig heart. Boiled pig heart extract, centrifuged at 18,OoOg for 20 rnin., at 4 ' was used as a source of flavine adenine dinucleotide (FAD).
Enzyme8 assayed
Catalase activity was measured at 3 7 ' by the perborate method of Feinstein (1949). The reaction mixture contained 8 ml. 1.5 yo (w/v) NaBO,. 4H20 (pH 6.8) ; 1.5 ml. 0.1 M-phosphate buffer (pH 6.8); 0-1 ml. enzyme extract; and was incubated at 87" for 5 min. Then 10 ml. 2 N-H,SO, was added and the solution titrated with 0-05 N-KM~O,. The values are expressed as mmole perborate degraded in 5 min./mg. protein.
Peroxidme was determined by the spectrophotometric method of Smith, Robinson & Stotz (1949) . The reaction mixture contained 1-3 ml. of McIhaine's buffer (pH 0.0); 1.0 ml. 10-3 M-reduced 2 : 6-dichloroindophenol; 0-5 ml. 0-1 M-H,~,; 0.1 ml. enzyme extract. The oxidation of the dye was followed at 625 mp. at 15 sec. intervals. The unit of activity is the change in log. Io/I of 0*001/min. calculated between 15 and 75 sec./mg. protein.
Cytochronle oxidase was measured in homogenates of mycelial felts by the method of Smith & Stotz (1949) . The reaction solution contained 1-5 ml. 0-2 M-phosphate (pH 6-8); 1.0 ml. M-reduced 2 : 6-dichloroindophenol; 0-5 ml. 1 x 10-4 M-cytochrome c ; 0-2 ml. enzyme extract. The units of activity corrected for endogenous rate, are similar to those for peroxidase.
TPN-cytochrome c reductase was measured a t 551 mp. The reaction mixture contained: 2-5 ml. 0.1 M-phosphate buffer (pH 7.5); 0.5 ml. oxidized cytochrome c, 3 x lo-* M; 0.1 ml. TPNH (2 pmole/ml.) 0.1 ml. enzyme extract. 2.5 ml. 0.1 M-phosphate (pH 7-5); 0-8 ml. 1 x lo4 M-2 : 6-dichloroindophenol; 0.1 ml. 0-1 M-KCN; 0.1 ml. DPNH (10 mg./ml.) or TPNH (2 pmole/ml.); 0-1 ml. enzyme extract.
Nitrate reductase was measured by the method of Nicholas & Nason (1954) . The test procedure consisted of adding 0.1 ml. enzyme extract to a solution containing 0-1 ml. 0.1 M-KNO, ; 0.04 ml. loa M-FMN; 0.02 ml. lo4 M-KCN; 0.04 ml. 2 x lo3 M-TPNH and 0.80 ml. 0.1 M-phosphate (pH 7.5). After 10 min. incubation at 25O, 8.5 ml. water and 0.5 ml. 1 yo (w/v) sulphanilamide reagent and 0-5 ml. 0-001 % (w/v) N-( 1-naphthy1)ethylenediamine dihydrochloride naphthylethylenediamine reagent were added. After 10 min. the test solutions were read on the Spekker absorptiometer at 540 mp. Control tests without TPNH were used to correct for the turbidity of the enzyme. Units of activity are expressed as mpmole NO, formed/mg. protein in 10 min.
Nitrite reductase was determined by a modification of the method described by Nason & Zucker (1956) . The test consisted of adding 0.1 ml. enzyme to a solution containing 0.1 ml.
M-KNO,; 0-05 ml. boiled pig heart extract; 0.05 ml. DPNH (10 mg./ml.) and 0-2 ml. 0.1 M-phosphate buffer (pH 7-5). After 10 min. incubation at 25O the colour was developed and determined as in the nitrate reductase assay.
The following enzymes were examined in 0.1 M-tris-( hydroxymethy1)-aminomethane (pH 7.5) extracts of the mycelial felts.
Alkaline phosphatase was estimated by the method of Bessey, Lowry & Brock (1946) in which the breakdown of p-nitrophenylphosphate to p-nitrophenol was measured. The enzyme activity is expressed as pmole P released in 80 min./mg. protein.
Hexokinase was measured by the method of Crane & Sols (1953). To 5 ml. solution containing ATP, MgCl, and bromothymol blue a t 2.5 x 104 M; 5 x 10-9 M and 0.0003 yo (w/v) respectively is added 0.8 ml. 5 yo glucose; 0.2 ml. enzyme extract and the solution adjusted to pH 7.4. The control cell contained water instead of the enzyme. The change in colour was measured a t 5 min. intervals for 30 min. at 620 mp. by means of a spectrophotometer. The enzyme activity is expressed as the change in log Io/I of 0.001 calculated between 5 and 25 min./mg. protein.
Phosphorylase was measured by the method of Whelan (1955) . The reaction mixture contained 0.2 ml. 5 % (w/v) soluble starch; 0.5 ml. 0-5 M-citric acid-NaOH buffer (pH 6.0) ; 0.1 ml. enzyme extract; 1.7 ml. water equilibrated at 35O for 10 min. and then 1 ml. 0.1 M-glucose-1-phosphate added. The reaction was stopped after 10 min. by adding 5 ml. 5 yo (w/v) trichloroacetic acid and after centrifuging at 3000g for 10 min. a sample was taken for P determination. Control tubes were incubated with acid added at the beginning of the reaction. The activity is expressed in pmole P formed/mg. protein.
Phosphoglucomutuse was determined by the method of Najjar (1955) . The reaction mixture contained 0.1 ml. 0.1 M-MgSO,; 0.1 ml. 0.1 M-glucose-l-phosphate and 0.1 ml. 0.1 M-cysteine hydrochloride (pH 7.5) freshly prepared, which was equilibrated at 30" before adding 0.2 ml. enzyme extract. The solution was incubated for 10 min. and then 1 ml. 5 N-H,SO, added and the volume made to 5 ml. with distilled water. The reaction tubes were put in a boiling water bath to hydrolyse the remaining glucose-1-P. The control tubes were treated with H,SO, as above at zero time. P was determined in 1 ml. of the reaction mixture. The activity is expressed in pmole P/mg. protein or pmole glucose-6-P formed/mg. protein.
Protein was determined by the biuret method of Robinson & Hogden (1940) . Fig. 1 shows the effect of riboflavin on the growth of the mutant. At 30" there was no growth unless riboflavin was supplied; at 25" appreciable growth occurred without added riboflavin. Maximum yield of the organism was however obtained when the fungus was grown at 30".
RESULTS

RiboJEavin requirements
Trace metals in relation to growth
A comparison between the trace metal requirements of Neuroqpora mama wild type 146 and the riboflavin-requiring mutant grown at 25 and 30" is made in Fig. 2 . Irrespective of temperature, Fe, Zn, Cu, Mo and Mn were all required for optimal growth of the mutant. The dry-weight yields of the mutant were similar to those of the wild type 146 when both were grown at 80°, but these were greater than the weights obtained when the mutant was grown at 25". The micronutrient requirements for optimal growth of the wild type 146 and of the mutant grown at 25" or 30" were similar, being as follows (pg./lOO ml. medium): Fe, 15; Zn, 25; Mo, 1; Cu, 2; and Mn, 2.
Enzymes
Enzyme assays were made in extracts of the mutant grown at 80" at optimal and deficiency concentrations of riboflavin (50 yo decrease of weight of fungus).
The results for the iron enzymes are given in Table 1 . Riboflavin deficiency resulted in a significant increase in peroxidase and cytochrome oxidase. Cytochrome c reductase, which has flavin adenine dinucleotide in the prosthetic group, was markedly less in amount when riboflavin was limiting. Catalase was only slightly depressed.
The results for the flavoprotein enzymes are listed in Table 2 . The four flavoprotein enzyme systems were less active in riboflavin-deficient mycelium. The nitrate and nitrite reductase enzymes were more markedly decreased in amount than were the diaphorase systems, so that the riboflavin available appeared to be preferentially utilized in the diaphorase systems. The addition of boiled pig heart extract, a source of FAD, restored the activity of these enzymes (except nitrate reductase), almost to the level of controls, in extracts of deficient felts.
The results of assaysfor four phosphate enzymes are given in Table 3 .
Hexokinase activity was about 30 yo higher in riboflavin deficient mycelium.
The other three enzymes appear to be unaffected by riboflavin deficiency. 
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is rio difference between the activity of the flavoprotein enzymes in the mutant grown at the two temperatures so that riboflavin must be synthesized from its precursors in the fungus at 25" (unpublished result). There is a similar requirement for Fe, Zn, Cu, Mn and Mo in the wild type 146 and for the mutant grown at 25" or 3 0 ' . It seems unlikely therefore that these metals are involved in the biosynthesis of riboflavin in the mutant.
The results of enzyme assays of the mutant grown at 30" with optimal and deficient concentrations of riboflavin demonstrate alternative mechanisms for electron transport in the mould. When riboflavin is deficient two iron enzymes (peroxidase and cytochrome oxidase) are produced in large amounts and oxygen is probably the terminal electron acceptor because the flavoprotein enzymes, nitrate and nitrite reductases, are considerably diminished in quantity. The TPNH and DPNH diaphorase systems and cytochrome c reductase, which are flavin dependent, are alsc much decreased in amount when riboflavin is deficient. Iron deficiency is more readily produced in riboflavindeficient mycelium, when the iron enzymes are produced in quantity, and the Mo requirement is greater when the riboflavin concentration is optimal, the flavoprotein enzymes then being very active. Thus the electron transfer mechanism of this organism involves an iron system when riboflavin is deficient and a molybdoflavoprotein system when the riboflavin concentration is optimal. The effects of Fe and Mo deficiencies on electron transfer in the fungus are similar to those reported for Pseudomonas Jluorescens by Lenhoff, Nicholas & Kaplan (1956) .
The effect of FAD (boiled pig heart) or FMN in reactivating the DPNH and TPNH diaphorase systems and nitrite reductase in extracts of riboflavindeficient mycelium shows that their apoenzymes are unaffected by riboflavin deficiency. A shortage of riboflavin did not affect the flavoprotein enzymes to the same degree; thus nitrate and nitrite reductases are more markedly decreased in amount than are the DPNH or TPNH diaphorase systems. This may be explained in terms of a greater affinity of the apoenzyme of some flavoproteins for the flavin nucleotides available; the ones having the greatest affinity would retain their activity longest.
Thanks are due to Miss Elizabeth Atkinson who assisted with the preparation of pure cultures of the mutant and with the determination of the enzymes in the fungus described in this paper.
